For the first time, a relationship between ESR signal intensity and grain size distribution (sieve technique) in shear zones within the Atotsugawa fault system have been investigated using fault core rocks. The grain size distributions were estimated using the sieve technique and microscopic observations. Stacks of sieves with openings that decrease consecutively in the order of 4.75 mm, 1.18 mm, 600 µm, 300 µm, 150 µm and 75 µm were chosen for this study. Grain size distributions analysis revealed that samples further from the slip plane have larger d 50 (average gain size) (0.45 mm at a distance of 30 -50 mm from the slip plane) while those close to the slip plane have smaller d 50 values (0.19 mm at a distance of 0 -10 mm from the slip plane). This is due to intensive crushing that is always associated with large displacement during fault activities. However, this pattern was not respected in all shear zones in that, larger d 50 values were instead observed in samples close to the slip plane due to admixture of fault rocks from different fault activities. Results from ESR analysis revealed that the relatively finer samples close to the slip plane have low ESR signals intensity while those further away (coarser) have relatively higher signal intensity. This tendency however, is not consistence in some of the shear zones due to a complex network of anatomizing faults. The variation in grain size distribution within some of the shear zones implies that, a series of fault events have taken place in the past thus underscoring the need for further investigation of the possibility of reoccurrence of faults.
Introduction
Shear zones are zones of strong deformation that consist of volumes of intensely fractured rocks and may vary in thickness from sub-millimeters to kilometers [1] . Based on the degree of deformation, shear zones can be divided into two main parts: a fault core zone [2] and a damage zone [3] . A fault core zone is a zone where most of the displacement is accommodated [4] while damage zone is the network of related secondary structures [5] . Both zones within an active fault constitute significant sources of information to the seismogenic and deformation behavior of faults. The deformation in a shear zone causes developments of characteristic fabrics and deformation history in the shear zone [6] , which can give more clarification on geodynamics of the faults. Moreover, seismogenic behavior of a fault depends greatly on the internal structure of fault zone and constitutive properties of fault rocks e.g., [7] [8] . Although there are many studies on shear zone descriptions and deformational mechanisms e.g., [9] - [16] , only few e.g. [17] - [22] have so far related the description of cataclastic rocks (fault gouge) to electron spin resonance (ESR) method, which is based on the detection of paramagnetic defects in minerals produced by natural radiation that has accumulated for a long time and produces a characteristic signal detectable with an ESR spectrometer. By measuring the intensity of these trapped electrons, the rate of comminution and/or displacement of a fault can be clarified or envisaged. Because decrease in signal intensity is as a result of large displacement, which will cause comminution and a reduction in grain size, [10] [23]- [26] reported that, grain size analysis is an important prerequisite for the characterization of fault rocks.
In central Japan, the activities of the active Atotsugawa fault system have been investigated in different shear zones using different methods. For example, [20] [27] have dated the Atotsugawa fault with the ESR method using defect centers in quartz grains extracted from a fault zone consisting of intra-fault gouge zone and a brecciated zone. [28] has equally dated the Ushikubi fault (a member of the Atotsugawa fault system) with the ESR method using defect centers in calcareous fault gouge that was collected from shear zones. [29] has also unraveled the geometry and the movement history of the Ushikubi fault by investigating a complicated network of faulting within the Ushikubi shear zone. However, none of the above studies clearly investigate how grain size distributions (especially sieve technique), rate of deformation (displacement) vary with proximity to a slip plane.
Accordingly, this study has the following objectives: 1) Assess the relationship between ESR signal intensity and grain size distribution (sieve analysis and microscopic observation) with proximity to a slip plane.
2) Assess the relationship between the rate of deformation (displacement) with proximity to a slip plane in the Atotsugawa fault system (the Ushikubi and the Atotsugawa fault) in central Japan.
Tectonic Setting of the Study area
The Atotsugawa fault system, which is in the Northern margin of the Hida Highland lies within a complex tectonic zone consisting of the Pacific plate, the Philippine Sea plate, the Amurian plate and the Okhotsk plates [30] . This system consists of the Ushikubi fault, the Atotsugawa fault and the Mozumi-Sukenobe fault ( Figure  1) . Both the Ushikubi, and Atotsugawa faults are NE-SW dextral trending strike slip structure which belong to the Atotsugawa fault system and are 52 km and 64 km long, respectively [31] . Due to the complex nature of this zone, central Japan is vulnerable to fault activities, thus underscoring the importance of investigating the objectives of this study.
Sample Localities and Description
Samples were collected from shear zones along the Ushikubi and the Atotsugawa faults. Once the shear zones were identified, the width of the entire shear zone and fault core zones were measured. Then slip planes in the fault core zone were identified, and their strike and dips measured. Then the shear zone was cleaned up to expose fresh surfaces, photographs were taken, and samples were collected. Samples intended for thin sections preparation were collected undisturbed while noting their orientations. Loose samples were collected at random without taking note of their orientations. All these samples were collected either vertically or laterally with proximity to a slip plane depending on the position of the identified slip plane. However, detail sampling procedures have been discussed elsewhere.
The Ushikubi Fault
Three shear zones along the western part of the Ushikubi fault were investigated.
1) Shirakimine shear zone one (SZ I)
Exposures of shear zone one (SZ I) in the study area show that it is made up of alternating layers of gneiss and crystalline limestone that have been crushed to form breccias, cataclasites and fault gouge represented in Figure 2 by A, B, C, D, E and G. The entire shear zone is 12 m wide and range in color from grayish, brownish to whitish, thus mesocratic in terms of color. This shear zone comprises a main fault (MF) and two secondary faults with strike and dip as indicated on the stereonet of Figure 2 (c). In this shear zone only a fault core zone is visible.
2) Shirakimine shear zone two (SZ II) This shear zone is 3.7 m wide and consists of a complicated network of faults with different orientations as indicated in Figure 3(a) . In this shear zone, both the fault core and the damage zones are exposed. The protolith is gneiss, which has been crushed to form breccias, gouge and cataclasites of various types (e.g. mega breccia, protocataclasites) Figure 3(b) . Calcite veins are also a common feature in both the crushed and the partially damage rocks. The different fault orientations are represented on the stereonet of Figure 3(c) .
3) Shirakimine shear zone (SZ III) The exposed part of this shear zone is 1.2 m wide and is made up of two sub faults F1 and F2 in Figure 4 . The entire shear zone can be divided into two main zones; the damage and fault core zones. The gouge zone around F2 is 150 mm thick and is made up of alternating layers of whitish, grayish and dark gouges ( Figure  4(b) ).The damage zone consists of crystalline limestones and gneisses that have been partly crushed to form megabreccias (e.g. Figure 4(c) ). The damaged zone is characterized with fractures of varying orientations which have been filled with dark incohesive gouges. The SaSZ is located along the eastern part of the Atotsugawa fault ( Figure 5 ). This shear zone is exposed in an area made up of the Tetori group (alternating layers of sandstone and mudstone) which has been crushed to form breccias, cataclasites and fault gouge ( Figure 5) . A slip plane striking N35E and dipping 25W is also present. Both the damage and the fault core zones are exposed in this shear zone. The gouge within the fault core zone has a range of colors (whitish, grayish, brownish, dark) reflecting the initial nature of the protolith.
2) Suganuma shear zone (SuSZ)
The SuSZ is located along the central part of the Atotsugawa fault and has a slip plane striking N40E and dipping 74W (Figure 6 ). It consists of a damaged and a fault core zone made up of gneiss which has been crushed to form breccia, cataclasites and gouge ( Figure 6 ).
Analytical Procedures
All analyses were carried out in the department of earth science at the University of Toyama, Japan.
Sieve Analysis
Sieve analysis was done in order to see how grain size varies among shear zones and with proximity to a slip plane.
Sieves with openings that decrease consecutively in the order of 4.75 mm, 1.18 mm, 600 µm, 300 µm, 150 µm and 75 µm were chosen for this purpose. Disaggregated samples were put in stack of sieves with a pan and cover. Sieving was done manually for each sample for 5 -10 minutes. However, sieving time was longer for finer particles. Separated particles were then weighed using an electronic balance (Chyo MG Balance Corporation, Kyoto, Japan) with a sensitivity of 10 mg. Care was taken as to make sure sieves remained clean throughout the process. For example particles that were stuck in the openings were poke out using a brush. Because of the difficulties involved in taking samples within a narrow range in a fault core zone, the weight of the samples used in this study may not be representative of the entire shear zone. However, the total weight of the samples in each shear zone was harmonized to ease the comparison of their distribution curves. During sieving, note was taken of the initial and final weight and the mass of the particles retained on each sieve. A percentage of total weight retained and cumulative weight was then calculated using Equation (1) . From there values of cumulative percent of total weight retained and the percentage of passing of finer grains were obtained.
Weight of sample retained on each sieve/Total weight × 100
(1)
ESR Analysis
Laboratory analysis involved the use of a JEOL JES-REIX ESR spectrometer operating at an X-band frequency.
Prior to this experiment, the samples were dried under dark conditions to avoid possible effects of sunlight because it can affect the intensity of ESR signals [32] and portion suspected of containing impurities (e.g., soil, roots) were carefully scratched and removed with a knife to avoid contamination. The less contaminated portions were then gently disheveled using a steel mortar and pistil and, then sieved for homogeneity to obtain size fractions ranging from 63 -> 250 µm. No chemical treatment was performed on the samples because the purpose of this experiment is to see how signal intensity varies in fault gouge collected at different points from a slip plane. Other experimental conditions that were maintained throughout the whole experiment were; center field: 334 mT, field modulation: 0.4 × 0.1 -2 × 0.01 mT, receiver gain: 5 × 100 -10 × 100, time constant: 0.3 -1sec, sweep width: 4 -7.5 mT, sweep field time: 10 secs, and sweep time of 8 minutes. However, the conditions used for the analysis varied in samples in the different shear zones but were respected within the same shear zones for comparison with spectra of the same species. For fault gouge samples in which quartz was dominant, the intensity of the radiation induced signals were calibrated using a manganese marker. For those that contain a higher concentration of calcite, natural manganese were equally of higher concentration and thus the intensity of the radiation induced signals were calibrated using the natural manganese peaks within signals of same species. The ESR intensities of the signals were generally calibrated using the average intensity of the 3 rd and the 4 th Mn 2+ lines as reported in [28] .
XRD Analysis
X-ray diffraction (XRD) patterns that are used in this study were measured with a MiniFlex II diffractometer target; Cu, voltage; 30 Kv, current; 15 mA, scan speed 4.000˚/min, measurement angle 3˚ -60˚.
Microscopic Investigation
Photomicrographs from thin sections used in this study were taken using a super probe JEOL JXA-8230T Electron probe microanalyzer and an OPTIPHOT 2-POL optical microscope with a camera head; DS-5 m and DS-L1 control unit. Figure 7(c) ). This inconsistency in the d 50 values with proximity to the slip plane could be due a complex network of anatomizing faults e.g. Figure 3(b) . This idea is consistence with the observation reported by [29] . Since grain sorting is another important parameter to measure grain size distribution and determine the rate of wear due to displacement or deformation, the degree of sorting (S o ) of the samples were calculated using Equation (2) .
where Q3 and Q1 are the 75 th and 25 th percentile on the diameter scale. The degree of sorting (S o ) varies within shear zones and from one shear zone to the other. For example in SZ III (Figure 7(a) ) the S o values varies from e.g., 1.8 mm, 1.6 mm, 2.2 mm and 2 mm for point a, b, c, and d respectively while in SaZS (Figure 7(b) ) the values varies from 3 mm, 2.3 mm, 2.4 mm, 2.5 mm, 2 mm, 2.3 mm for point 1 to 6 respectively. Because of this variation, a median sorting ( So M ) value was calculated as follows
where n is the number of sampling point. The results revealed that So M range from 2.4 -3.1 mm in shear zones within the Atotsugawa fault and from 1.89 -2.78 mm in shear zones within the Ushikubi fault. This implies that the samples range from poorly to very poorly sorted according to the classification of [33] . These observations agree very well with photomicrographs of thin sections of samples collected in proximity to the slip plane (Figures 8-11) . The variation in the nature of sorting could be as a result of different rates of displacement within the different shear zones leading to different rates of comminution.
Microscopic Observations
The aim of this section is to appreciate how grain texture (grain size and grain shape) varies within and between shear zones with proximity to a slip plane at a microscopic scale. As a result, microphotographs from thin sections revealed that samples very close to the slip plane are finer and the grains shapes range from angular to sub rounded (Figure 8(a) and Figure 8(b) ). Figure 8 shows that the fine grains within this zone are embedded in a finer matrix and are rarely in contact with one another. The grain size is fairly to poorly sorted. Coarse grains in this portion are more rounded (Figure 8(a) and Figure 8(b) ). Fractures are almost absent in grains within this area. (Figure 10(a) and Figure 10(b) ). Figure 11 (a) and Figure 11(b) give a general picture of how deformations affect grain shape and size with proximity to a slip plane.
Conclusively, grains in samples close to the slip plane are sub angular to rounded (black and white arrows) Figure 8 (a) and Figure 8(b) while those further from the slip plane are sub angular to angular. These results agree with findings of [34] and [35] who reported that increasing roundness is a sign of increasing wear (increasing deformation or displacement). This idea can be confirm in the photomicrographs of Figure 8 and Figure 11 because most of the grains in samples close to the slip plane are sub angular to rounded since large deformation (displacement) is suspected to have taken place whereas those further away are more angular and elongated (e.g., Figure 9 and Figure 11 ).
ESR Spectra
Since one of the objectives of this study is to investigate how ESR signals intensities vary with proximity to a slip plane, the type and nature of the radiation induced ESR signal (e.g., 1 E′ center in quartz or C signal in calcite) doesn't not really matter. The most important factor is to see how ESR intensity varies with proximity to a slip plane. Therefore the composition of the fault gouge is not equally a controlling factor to investigate this variation in signal intensity but cannot however be ignored. Some of the ESR spectra were obtained from fault gouge dominant in quartz while others contain calcite and some clay mineral as shown in Figure 12 (a) and Figure 12(b). Figure 13 is an example of ESR spectra of fault gouge samples collected from shear zones along the Ushikubi fault and the Atotsugawa fault. Some samples showed only one peak of radiation induced signals ( Figure 13(a) ) while others showed three peaks (Figure 13(b) and Figure 13(c)) . Irrespective of the composition of the fault gouge and the shape of the spectra, the ESR signal intensity of samples from some of the shear zone showed an increasing tendency away from the slip plane (Figure 14(a) and Figure 14(b) ) while others did not show such trend (Figure 14(c) ).
Discussion

Variation in the Intensity of ESR Signals with Distance from a Slip Plane
ESR spectra in some of the shear zone revealed that the intensity of the radiation induced ESR signals decreased in samples close to the slip plane and increased away from the slip plane (Figure 14) . This observation is consisted with the findings of [20] [32] [36] - [38] . [38] reported that at 0 mm from the slip plane, frictional heating could cause the reduction in signal intensity of defect centers in quartz grains. Although frictional heating was not investigated in this study, it could not be completely rolled out as a reason for our observation. [39] - [41] also pointed out that defect centers in quartz grains can be reduced to a remarkable extend by shear fracturing at a displacement of more than about 50 cm. Therefore large displacement will lead to decrease in ESR signal intensity. To verify this aspect, displacement in this study was estimated based on the thickness of fault gouge using the functional relationship of Equation (4) developed by [10] .
where, Ds (cm) is the shear displacement and t (cm) is the mean thickness of the gouge zone. The thickness of gouge is assumed to increase incrementally during sliding events [19] . However, direct measurement of the gouge thickness within shear zones can nearly be impossible due to shear fracture bifurcation [10] , thus the thickness of the gouge zone in this study is assumed to be the thickness of the entire fault core zone. By using the above relationship, a 64 cm thick gouge zone in the SaSZ (Atotsugawa fault) and a 400 cm thick gouge zone in SZ I (Ushikubi fault) suggests about 512 cm and 3200 cm displacements respectively. This observation supports the hypothesis that when the displacement is 1 m, the intensity of defect centers could be decreased to a zero level [42] .
Relationship between Grain Size Distribution and ESR Signal Intensity in Samples Taken in Proximity to a Slip Plane
ESR signal intensities measured in relatively fine grain samples showed a decreasing trend as oppose to coarse grain samples taken further from the slip plane. This trend in signal intensity has equally been observed in experimentally sheared samples e.g., [22] [45] . This decrease in signal intensity in fine grained samples close to the slip plane could be attributed to two controlling factors; rate of displacement or deformation and the concentration of defect centers in the fine grain samples.
Previous studies have showed that with increasing rate of displacement (deformation), gouge (fine grained) zones grows by incorporating the adjacent breccia zones [8] - [10] [ 46] , implying that an increase in displacement as shown in the previous section will increase comminutation which will reduce the grain size of the samples Figure 5 for sample point; (c) shows an inconsistency in the pattern of signal intensity with proximity to the slip plane. ESR spectrum from point 2 which is supposed to be on the slip plane has a relatively higher intensity than in point 3 which is not directly on the slip plane. [14] . Figure 15 illustrates the relationship between grain size and signal intensity as a function of distance from a slip plane. Figure 15 (a) and Figure 15(b) showed that grain size and signal intensities increase with increasing distance from the slip plane. However, this trend was not respected in all the shear zones in that the ESR intensities of some of the samples close to the slip instead increased likewise the grain size. The reverse trend in the intensity of ESR signals have equally been observed by [21] [40] [43] [47]- [49] . This inconsistency in the pattern of grain size distribution and signal intensity could be as a result of the anatomizing network of faults in SZ II (Ushikubi fault) and SuSZ (Atotsugawa fault) leading to the admixture of fault rock from different faulting events with different magnitude. With respect to the concentration of defect centers, in relatively fine grained samples the concentration of the defect center is expected to reduce due to the small surface area that is exposed. In ESR analysis, signal intensity is proportional to the defect concentration [32] . Large grains will have higher concentrations of defects than finer grains which lead to an increase in signal intensity. In this study, an increase in signal intensity was observed in samples further from the slip plane that have suffered little or no deformation (displacement). This observation is consistent with that of [42] in that signal intensity decrease with decreasing grain size because the relative amount of defect centers in the samples decreases with the grain size. However, [47] pointed out that, new surface creation accompanying shear fracture can also increase the quantity of defects and consequently produce increased in signal intensities, which could be another reason for an increase in signal intensity that was observed in some of the samples.
Some limitations of This Study
Sieve Method
Because of the pulverized nature of fault core rocks, loss of particles during sieving is an inevitable process no matter the caution taken. Although that factor was ignored, it could affect the grain size distribution curves. Since there are a lot of difficulties often involved in collecting samples within a narrow range in a fault core zone, the weight of the samples used in this study may not be the representative of the entire shear zone thus highlighting the need for further investigation in the near future.
Estimation of the Displacement
Some of the drawback in the estimation of the displacement is that the actual thickness of gouge within the gouge zone in the portion where the samples were collected was not measured, rather a general thickness of the gouge zone was considered.
Conclusions
Grain size distribution analysis revealed that samples with larger d 50 values are dominant in sites located further from the slip plane while those with smaller d 50 values are close to the slip plane. However an inconsistency in this order was observed in some of the shear zones due to admixture of fault gouges from different fault activities.
Microphotographs showed that the grains in samples close to the slip plane are finer, sub-rounded to rounded and rarely in contact with one another due to intensive crushing indicating increasing wear leading to large displacement. Further from the slip plane, the grains are coarser, more elongated and are almost in contact with each other.
The intensity of ESR signal reduces in samples close to the slip plane in most of the shear zone. However, this tendency was not same in all the shear zones due to a complex network of anatomizing faults in some of the shear zones.
The idea that grain size distribution varies within shear zones indicates that, more than one faulting events have taken place in the past thus underscoring the need for further investigation of the possibility of reoccurrence of faults.
